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ABSTRACT
Very Large Telescope adaptive optics images of NGC 253 with resolutions down to 200mas
resolve the central 300 pc of this galaxy in ∼37 infrared (IR) bright knots, a factor of 3 larger
than previously reported, and extended diffuse emission. The angular resolution, comparable
to that of available Very Large Array 2 cm maps, permits us a very accurate IR-radio registra-
tion. Eight radio sources are found to have an IR counterpart. The knots have Hα equivalent
width of about 80 A˚, sizes of ∼ 3 pc, magnitudes in L-band of about 12mag and relatively
high extinction, AV ∼ 7mag. Their spectral energy distributions (SEDs) look very similar,
characterized by a maximum at 20µm and a gentle bump in the 1–2µm range. These features
can be well reproduced by considering an important contribution of very young stellar objects
to the IR, efficiently heating their dust envelope. The evidence indicates that these are young
massive clusters bursting from their dust cocoons. A median SED of the knots is provided,
which may represent one of the most genuine templates of an extragalactic circumnuclear star-
forming region. The lack of any optical or IR counterpart for the previously identified radio
core calls into question its supposed active nucleus nature. This source may instead represent
a scaled up version of Sgr A∗ at the Galactic Centre.
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1 INTRODUCTION
NGC 253 is one of the nearest starburst galaxies, located at
3.94 ± 0.5Mpc (Karachentsev et al. 2003) in the Sculptor group.
It is a nearly edge-on SAB(s)c galaxy hosting a number of young
stellar clusters detected in the optical range in its nucleus, sur-
rounded by large patches of dust (Forbes et al. 2000). A strong
bipolar outflow cone is observed in ionized gas and X-ray emis-
sion (Strickland et al. 2002; Weaver et al. 2002). At radio wave-
lengths (1.3–20 cm) Ulvestad & Antonucci (1997) identified more
than 60 individual sources along the north-east–south-west direc-
tion, probably associated with a 300 pc nuclear ring. Among them,
a strong non-thermal compact source with brightness temperature
of T2 cm> 40 000K and spectral index of α3.61.3 =−0.3 (Sν ∝ να)
lies in its centre. In the infrared (IR), previous observations re-
vealed the presence of bright hotspots in the nuclear starburst re-
gion (Sams et al. 1994), with a bright source dominating the emis-
sion in this range (Galliano et al. 2005). The large change in mor-
phology with wavelength led to different registrations in the litera-
ture (see Galliano et al. 2005, and references therein). As a result,
different IR counterparts have been associated to the compact ra-
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dio core. Adaptive optics IR data with full width at half-maximum
(FWHM)=200mas (4 pc) resolution, comparable to those in ex-
isting radio maps, allow us to make a very detailed registration of
the central region. We resolve the inner 300 pc in 37 IR sources,
finding radio counterparts for eight of them. This letter analyses
their nature on the basis of high-spatial resolution spectral energy
distributions (SEDs) and settles the location of the radio core, now
absent at optical or IR wavelengths.
2 OBSERVATIONS AND THE NEWLY REVEALED
MORPHOLOGY
Adaptive Optics images with the Very Large Telescope/NaCo
(VLT/NaCo) [0.0271 arcsec pixel−1, 28× 28 arcsec2 field of
view (FOV)] were obtained during the nights of 2005 December
2 and 4 using the IR wavefront sensor (dichroic N90C10) and the
brightest nuclear IR source for atmospheric correction. The filter
set used was J (total integration time: 600 s; Strehl ratio: 3 per
cent),Ks (500 s; 20 per cent), L (4.375 s; 40 per cent) and NB 4.05
(8.75 s, centred on Brα; 40 per cent). Images with VLT/VISIR
(0.127 arcsec pixel−1, 32.3× 32.3 arcsec2 FOV) were taken using
the N (PAH2 2, λ 11.88 µm, ∆λ 0.37µm; 2826 s) and Q-bands
(Q2, λ 18.72 µm, ∆λ 0.88µm; 6237 s) the nights of 2004 Decem-
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Figure 1. VLT adaptive optics J (blue), Ks (green) and L (red) bands colour composite image together with VLA 2 cm radio map contours
(Ulvestad & Antonucci 1997). A cross marks the TH2 location, the assumed radio core, whereas circles mark the L-band sources found by DAOPHOT above
3σ level. Insets show the SED and the best-fitting YSO model for a selection of regions (see Section 3.2.4).
ber 1 and 2005 October 9. The achieved FWHM1 resolutions were:
0.29 arcsec (J), 0.24 arcsec (Ks), 0.13 arcsec (L), 0.14 arcsec
(NB 4.05), 0.4 arcsec (N ) and 0.74 arcsec (Q). Data reduction
was done with the ESO packages ECLIPSE and ESOREX, and
includes sky subtraction, registration and combination of frames
corresponding to each filter data set. Photometric calibration was
based on standard stars observed next in time to the science tar-
gets. The IR set was complemented with Hubble Space Telescope
(HST) images with the filters F555W (V -band), F656N (includ-
ing Hα), F675W (R-band), F814W (I-band) and F850LP; VLA
maps from the literature at 2 cm (A configuration) by Turner & Ho
(1985), and at 1.3, 2, 3.6, 6 and 20 cm (A and B configurations)
by Ulvestad & Antonucci (1997); very long baseline interferome-
try (VLBI) radio maps at 13 and 21 cm by Lenc & Tingay (2006).
Morphology of the central ∼ 300 pc region from 1 to 20µm
resolves into multiple compact knots superposed on a diffuse
emission component (Figs 1 and 2). They are mainly distributed
1 Values measured on the most compact sources in each image.
along the disc of the galaxy in a ring-like structure, in line with
Forbes et al. (2000). However, whereas Forbes et al. (2000) resolve
∼ 12 sources, our high-spatial resolution data allow us to iden-
tify a factor of 3 more over the same region. The reduced extinc-
tion and higher spatial resolution achieved longward of 2.4µm
led to the discovery of even further new sources without opti-
cal or near-IR (NIR) counterpart. The identification of the sources
was done in the L-band image, as it has the highest contrast. Us-
ing the DAOPHOT finding algorithm (Stetson 1987), a total of 37
knots with FWHM& 0.13 arcsec and above 3σ of the local back-
ground were identified within the central ∼ 300 pc region, the ma-
jority being concentrated in the central 150 pc. Most of the L-band
knots are spatially resolved with a median size of FWHM∼ 3.3 pc
(0.17 arcsec).
2.1 Image alignment
The IR images were registered using the brightest source, which
is an outstanding feature at all wavelengths: knot #4 in Fig. 1,
labelled as M1 in Galliano et al. (2005). In this way, J and Ks-
c© 2008 RAS, MNRAS 000, 1–6
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Figure 2. Q-band image with L-band contours and VLA 2 cm source po-
sitions overlapped. The cross marks the location of TH2.
band knots are all found to have an L-band counterpart, although
the converse is not true for a number of, probably very extinct,
sources. Of the 37 sources identified in the L-band, 31 were de-
tected in the HST/Wide Field Planetary Camera 2 (HST /WFPC2)
I-band and 23 in the V -band. Most of the brightest or isolated
knots in the N and Q-bands were also found to have a counter-
part in the L-band (Fig. 2). Further alignment between optical and
IR images was based on the position of knot #32, unambiguously
identified at both spectral ranges. More than 10 NIR knots with
a HST /WFPC2 counterpart are found; furthermore, a good cor-
respondence between the diffuse emission morphologies seen in
both spectral ranges is found. The key alignment, however, is be-
tween radio and IR images. The availability of the VLT adaptive
optic L-band image with spatial resolution (0.13 arcsec) compa-
rable to that of the 2 cm VLA map (beam = 0.20× 0.10 arcsec2;
Ulvestad & Antonucci 1997) allowed us to settle a very precise
source identification in the NGC 253 nuclear region. A first vi-
sual registration using point-like sources led to the identification of
eight common knots. The final registration was obtained after dis-
tance minimization between L-band and 2 cm positions (Fig. 1).
The achieved positional accuracy is 0.03 arcsec.
The alignment was cross-checked with the Q-band (Fig. 2),
in which it was found that the low brightness contours repro-
duce equivalent ones in the radio maps (e.g. when compared
with 2 cm map in Fig. 1). Previous alignments are based on ei-
ther an absolute or ‘blind’ registration between radio and opti-
cal/IR (e.g. Forbes et al. 2000) or lower resolution MIR images
(e.g. Galliano et al. 2005). The strongest IR peak (knot #4), which
lacks a radio counterpart in those alignments, is now the counter-
part of the thermal radio emitter TH7 (Turner & Ho 1985), also
called 5.63–41.3 (Ulvestad & Antonucci 1997). Remarkably, the
radio core TH2 or 5.79–39.1 is undetected at optical or IR wave-
lengths.
3 THE CIRCUMNUCLEAR KNOTS
Photometry of each knot was extracted from a circular aperture
(r=FWHM in each filter) centred on a common position for all
filters, subtracting the mode from an annular concentric region
Table 1. IR magnitudes, extinction (from Hα/Brα ratio) and EW(Hα) for
a sample of regions in NGC 253.
Knot J Ks L N Q AV EW(Hα)
(#) (mag) (mag) (mag) (mag) (mag) (mag) (A˚)
4 14.6 12.5 9.6 2.2 0.4 11.0 61
5 15.8 14.4 13.9 5.6 3.2 5.4 68
11 16.7 14.1 13.0 4.4 2.4 > 9.0 < 200
16 16.8 16.0 12.3 4.4 2.4 10.3 119
18 16.3 14.8 12.7 4.4 2.0 10.2 24
32 15.4 14.1 11.7 5.5 3.5 8.7 14
35 16.8 14.8 14.0 6.8 4.6 8.7 49
(r∼ [2–4]×FWHM) to account for the diffuse background emis-
sion. Magnitudes fall in the range 9.6 < L-band< 16.7mag.
Extinction values at each knot were derived from Hα/Brα es-
timate ratio (Osterbrock 1989). Line fluxes were determined, af-
ter continuum subtraction, from the narrow-band HST/F656N and
VLT/NB 4.05 images, respectively. The continuum was inferred by
interpolating between F555W and F814W images in the Hα case;
by scaling the L-band continuum to NB 4.05 in the Brα case. In
the latter, the scaling factor was determined by measuring the emis-
sion ratio between both filters in a number of interknot regions, and
thus not affected by strong line emission. However, there is still a
possible contamination by diffuse Brα emission which is the main
uncertainty in the scaling factor. In such case, the Brα flux would
be underestimated, and therefore the derived extinction would be a
lower limit. We estimate the error magnitude to be AV ∼ 0.3mag,
based on the scatter of the L-band/NB 4.05 ratio values. Neverthe-
less, this error does not affect our results. The Hα flux was cor-
rected by the [N II] contribution in the filter assuming that to be
40 per cent of the total (Baldwin, Phillips & Terlevich 1981). Un-
der these assumptions, a median AV ∼ 7.3mag was found from
all the knots. Reducing the [N II] contribution to 20 per cent lowers
individual AV by 0.5mag. Their respective Hα equivalent widths
cluster about a median value of EW(Hα)=77 A˚, with 50 A˚ and
150 A˚ as the first and third quartiles, respectively. Assuming instan-
taneous star formation (e.g. Leitherer et al. 1999), those correspond
to a median age of ∼ 6.3Myr.
Table 1 lists apparent magnitudes, extinctions (AV ), and
EW(Hα) for a representative sample of knots with good signal-
to-noise ratio (S/N). As AV values are derived assuming screen
extinction, they must be considered as lower limits because of
possible internal extinction. Fig. 1 displays their SEDs from op-
tical/HST to IR/VLT. Their average size, 3.3 pc, is comparable to
that measured in M31 star clusters (Kodaira et al. 2004). Further
considering their IR magnitudes and extinctions, we conclude that
they are probably young dust embedded clusters similar to those in
NGC 5253 or the Antennae (Vanzi & Sauvage 2004; Gilbert et al.
2000), which are highly obscured and exhibit a strong IR contin-
uum.
3.1 Average SED of the knots
SEDs were obtained for the 37 knots using our high-spatial reso-
lution data. For the eight sources with radio counterparts, the SED
extends from radio VLA-A to MIR subarcsec and NIR adaptive
optics VLT to optical HST. For the remaining sources, the SED
is limited to the IR/VLT range, completed with optical/HST data
when detected. Most of the knots show very similar SEDs, charac-
terized by a maximum in the MIR and a gentle ‘bump’ at ∼ 1µm
c© 2008 RAS, MNRAS 000, 1–6
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Figure 3. Top panel: SED templates for stellar cluster plus dust (red line), H II region (orange line), thermal SNR (dotted line), non-thermal SNR (dashed
line) and YSO (green line) are compared with a representative SED (knot #5, green circles). Bottom panel: knots median SED (shaded region) and the 3σ
background (blue line) are compared with knot #5 SED. Sgr A∗ SED (open circles) scaled to radio core TH2 emission (solid circles).
(Fig. 1). To provide a genuine radio to optical SED template of a
circumnuclear star-forming region, an average SED of all the knots
was constructed. Each knot’s SED was normalized to that of knot
#5 (green circles in Fig. 3), using their respective median flux in
the 0.5–20 µm range. The purple-coloured shaded region in Fig. 3
represents values between the first and third quartiles for each band
scaled to knot #5. The narrowness of the strip proves the similar-
ity of individual SEDs. Background values measured around each
knot were also averaged without normalizing. The SED for the 3σ
averaged background is shown in Fig. 3 as a blue solid line. Com-
paring both – median knot and background SEDs – shows that the
characteristic NIR bump in the 1–2µm range is not a feature of the
background emission but is intrinsic to the knots’ SED, whereas the
background SED is rather flat at these wavelengths (Fig. 3). Sim-
ilar NIR excesses have been detected in young stellar clusters like
Henize 2–10 (Cabanac et al. 2005) and NGC 1365 (Galliano et al.
2008), and are related to hot dust. Moreover, Reines et al. (2008)
report an age–NIR excess correlation for the stellar clusters in
SBS 0335–052. A similar trend is observed in NGC 253: redder
colours (I − J ∼ 4) are found in the youngest clusters (. 4My)
and bluer colours (I − J ∼ 0) in the oldest (∼ 10Myr). The ages
are estimated from the EW(Hα) as indicated above (see Section 3).
Thus, we interpret the NIR excess in these circumnuclear regions
as hot dust emission related to young star-forming clusters.
3.2 Comparison with observational templates and models
To investigate the nature of the knots, their SEDs were compared
with theoretical models or observational templates of various types:
an average H II region template, two types of supernova remnants,
a stellar cluster model and a grid of templates for Young Stellar
Objects (YSOs). For the sake of simplicity each of these templates
was fitted to knot #5 SED, using a χ2-minimization algorithm from
which a scaling factor and a foreground extinction estimate AV
are obtained (galactic extinction law adopted from Cardelli et al.
1989). Fig. 3 compares the resulting fit to knot #5 SED.
3.2.1 H II region average template
Schmitt et al. (1997) provide an average template from four well-
known observed H II regions. The fitted template (orange line in
Fig. 3) shows a soft excess in the NIR (∼ 1µm), and peaks at
∼ 100µm, providing a general account of the knot #5 SED from
radio to optical within one order of magnitude. In detail, its fea-
tureless shape in the 1 to 20µm range largely departs from that
of the knots. Given the particular knots’ SED shape, the difference
cannot be driven by extinction unless the applicable extinction law
is very different from that in our neighbourhood.
3.2.2 Supernova Remnant templates
The analysis of high-spatial resolution radio SED in NGC 253
suggests the presence of many supernova remnants (SNRs) in the
nuclear region (Lenc & Tingay 2006). Thus, the optical to radio
SED of a non-thermal (Crab, dashed line) and a thermal (N 49,
dotted line) SNR, both from Schmitt et al. (1997), were fitted to
knot #5 SED. Fig. 3 shows the large difference between these
SEDs and that of the knots, in particular the inferred SNR IR fluxes
are lower by several orders of magnitude with respect to those
of the knots. The intrinsic shape of the original template is flatter
than observed in knot #5, which has a much higher IR/radio ratio.
Additional extinction would only decrease this ratio, worsen the fit.
c© 2008 RAS, MNRAS 000, 1–6
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3.2.3 Stellar cluster model plus dust
Knots’ characteristics (Section 3 above) point more in the direc-
tion of these being young star-forming regions. Accordingly, a
stellar cluster template from Leitherer et al. (1999), aged 6Myr
[in agreement with EW(Hα) age estimation] with instanta-
neous star formation and solar metallicity, was input to DUSTY
(Ivezic, Nenkova & Elitzur 1999) to account for the dust emis-
sion. The best fit to knot #5 SED assumes a spherical dust dis-
tribution with a temperature of 200K on the shell inner boundary.
AV =10mag is needed to reproduce the SED optical range, a fac-
tor 2 larger than that estimated from Hα/Brα ratio. This may be
related to the different assumptions on the extinction: DUSTY con-
sider internal extinction, whereas we assume a simple foreground
dust screen. However, the major discrepancy arises again in the
NIR: the model underestimates the emission even if considering
different metallicities, cluster ages, inner shell temperatures, grain
sizes or dust density distributions. A possible contributing mecha-
nism in this range is stochastic heating of small grains, an effect not
included in DUSTY.
3.2.4 Young Stellar Object models
Young stellar clusters appear to show SEDs very similar to those
of YSO, suggesting that the early stages of their evolution may be
parallel to those of massive stars (Johnson 2005). Motivated by this
similarity, a comparison with YSO models was attempted. These
are luminous IR sources formed by a protostar and an accretion
disc, all enshrouded in a dense dust cloud (Nakai et al. 1995). They
show NIR excesses attributed to hot dust from the disc, a surplus
that can be present in 30 per cent of the members of a young clus-
ter (Roman-Lopes & Abraham 2006). Comparing with these mod-
els, a simplified scenario is adopted: YSOs are assumed as the
main contributors to the knots’ IR spectrum. Models were selected
from the YSO grid provided by Robitaille et al. (2007). Best fits to
the knots’ SED correspond to very young (0.1–3Myr) luminous
(LBol > 102 L⊙) and massive stars (M > 5M⊙) seen at high
inclination angles (∼ 80◦). Extinction derived from the fits ranges
from AV ∼ 5.0 (knot #5) to 11.6mag (knot #4), in fair agreement
with those obtained from Hα/Brα ratios. If scaled the models to
NGC 253 distance, a total of about 105 YSOs per knot are required.
Overall, the optical to IR SED of individual knots are surpris-
ingly well reproduced by these models (see Fig. 1), which nat-
urally incorporates the hot dust contribution. The extinctions in-
ferred from the fits being also in fair agreement with those mea-
sured from Hα/Brα ratios. The ages of the protostars are, however,
smaller than those inferred from EW(Hα) (Table 1). We believe that
the NIR excess in NGC 253’s circumnuclear regions represents the
contribution of many YSOs bursting in their dust cocoons, and thus
these are intense star-forming regions.
4 AN ACTIVE NUCLEUS?
The radio source TH2 (Turner & Ho 1985) is the strongest (21mJy
at 1.3 cm), highest brightness-temperature (T2 cm> 40 000K) and
most compact (< 2 pc) source in the centre of this galaxy, and
is thus assumed to be the radio core. The detection of a broad
H2O maser (∆v∼ 100 kms−1) and the large velocity gradient in
the H92α radio-recombination line (∼ 110 kms−1 arcsec−1) sug-
gest a dynamical mass of M ≈ 7× 106 M⊙ (Nakai et al. 1995;
Rodrı´guez-Rico et al. 2006) at this position. Moreover, the H92α
and H75α line emissions are only consistent with ionization
produced by a stellar cluster younger than 105 yr or an AGN
(Mohan et al. 2002). The remarkable feature of this source is its
lack of optical, NIR or MIR counterparts. The current IR-radio
alignment reveals some diffuse IR emission at the position, yet, no
point-like source commensurable with its radio strength is detected.
The extinction at the location is comparable with the average in the
region: AV ∼ 10mag is measured at the closest knot, #16 (Figs 1
and 2).
We compared TH2 with Sgr A∗, a compact radio source with
no optical counterpart, although much fainter than TH2. Fig. 3
(bottom panel) shows the radio spectrum of Sgr A∗ (An et al. 2005)
scaled to that of TH2 (Sadler et al. 1995; Ulvestad & Antonucci
1997). Several IR flares have been detected in Sgr A∗, with their
flux limits in the 1–4mJy range in L-band (Ghez et al. 2004).
Both limits, without reddening correction and scaled by the same
factor as the radio data, are also shown in Fig. 3. They fall just 3σ
above the NGC 253 diffuse background level, but are weaker than
the L-band emission of knot #5. If the IR/radio ratio is expected to
be higher in an AGN than in Sgr A∗, we may then conclude that
TH2 nature resembles closely that of Sgr A∗ rather than an AGN.
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